Abstract. The ability of phase transitions and a viscosity jump at 660 km depth to induce long-wavelength flow in the mantle is systematically investigated using three-dimensional numerical simulations of internally-heated convection at convective vigors (as indicated by the Rayleigh number Ra) ranging from mildly supercritical to greater than the Earth's current regime. Cases with neither a viscosity jump nor phase changes display a steadily decreasing wavelength with increasing Ra, as expected. Increasing the lower mantle viscosity by a factor of 30 induces significantly longer wavelengths, but the "reddening" effect decreases with increasing Ra' this is explained in large part by the decrease in effective Rayleigh number due to increasing the lower mantle viscosity. In contrast, the effect of phase transitions is minor at low Ra but increases sharply at geodynamically relevant Ra, potentially increasing the mean wavelength of thermal heterogeneity by factors of greater than 10. Conclusions regarding the relative importance of the two effects are thus highly dependent on Ra.
Introduction
The lateral spectrum of heterogeneity in the Earth's mantle is observed by seismic tomography to be "red", i.e., dominated by long wavelengths [Su and Dziewonski, 1992], whereas laboratory and numerical experiments indicate that thermal convection with simple material properties tends to adopt an aspect ratio similar to the depth of the layer [Schubert, 1979 [Schubert, , 1992 , giving a much broader lateral spectrum. This discrepancy between observation and simple experiments is particularly pronounced in cases driven by complete or mostly internal heating [Houseman, 1988 Copyright 1996 by the American Geophysical Union.
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Angeles
The idea that an endothermic phase transition at 660 km depth is capable of inducing long wavelength flow in the mantle was first put forward by Tackley et al. [1993] , based on a comparison of two simulations in three-dimensional (3-D), spherical-shell geometry. Recently, however, a more complete study of 100% internally-heated 3-D spherical convection [Bunge et al., 1996a [Bunge et al., , 1996b indicated that in the parameter range studied, the spectral effect of the endothermic phase transition was quite minor in comparison to the effect of a 30-fold viscosity increase at that depth. The purpose of this paper is thus to examine these claims, comparing and contrasting the spectral "reddening" effects of a phase change and viscosity jump, and focusing in particular on how these scale with convective vigor, as indicated by the Rayleigh number (Ra). This study is performed by means of numerical simulations of 100% internally-heated convection in a Cartesian box, at Ra ranging from mildly supercritical to values higher than that characterizing the current Earth's mantle.
Model
For computational convenience, 3-D Cartesian geometry is assumed. This allows a much wider exploration of parameter space than would be possible in 3-D spherical geometry with currently available resources. Geometry is not expected to affect the observed trends, but may have an influence on the exact planform when the dominant wavelength becomes comparable to the size of the box [ Tackley, 1996] . An aspect ratio 4 box with reflecting side boundaries is assumed. While this aspect ratio is perhaps a factor of 2 smaller than the effective aspect ratio of the Earth, it allows some first-order results to be obtained at a parameter range (that is, in terms of obtaining realistic heat flow and velocities) which is realistic for the Earth. Furthermore, the maximum possible wavelength is at a low Ra H of 10 6, (corresponding to Rat--105) and one at high Ran of4x108 (RaT=107). At the lower Ra, the phase transitions cause a slight planform change, but the dominant wavelength, as indicated by the spacing of downwellings, is not much affected. The case with a viscosity jump, however, has a much longer wavelength flow pattern. In contrast, at the higher Ra, the reverse situation appears to be true. i.e., phase transitions cause a very strong reddening, whereas a viscosity jump has only a minor effect. From this visual comparison, it thus appears that the effect of the phase transition on wavelength increases with Ra, whereas the effect of a viscosity jump decreases with Ra.
These trends are now quantified by a spectral analysis of the thermal heterogeneity. This is performed by taking a horizontal, two-dimensional Fourier transform of the 3-D tempera- 
